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Piezotronic effect on monolayer MoS2 has been investigated based on a 
normal-ferromagnetic-normal structure. The piezoelectric field at the interface of two-dimensional 
materials can modulate quantum transport by applied strain, which can effectively control spin and 
valley polarization. The quantum piezotronic transistor can act as a block unit of spin and valley 
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Piezotronics and piezo-phototronics based on the third generation semiconductors are 
two novel fields for low power consumption, self-powered technology and internet of things. 
Strain-induced piezoelectric field plays a key role to modulate not only charge-carrier 
transport but also quantum transport properties in piezoelectric semiconductors, especially for 
two-dimensional materials which can withstand large strain. In this paper, we theoretically 
study piezotronic effect on the modulation of spin a d valley properties in single-layered 
MoS2. Spin- and valley-dependent conductance, electronic density distribution and 
polarization ratio are investigated by quantum transport calculation. Because of piezotronic 
effect, strain-gated spin and valley transistors have excellent quantum state selectivity using 
by strain. Our work provides not only piezotronic effect on spin and valley quantum states, 








Piezotronics and piezo-phototronics are two emerging f elds which can be used for 
self-powered systems, flexible electronic devices, and human-computer interface [1-3]. 
Owing to  coupling characteristics of piezoelectricity, semiconductor and photoexcitation, 
piezotronic and piezo-phototronic effect can be used to control electronic transport and optical 
excitation process by strain-induced polarized charges [4-7]. A variety of high performance 
piezotronic devices such as nanogenerators [8], flexible piezotronic strain sensors [9], 
piezotronic logic nanodevices [10], photoluminescence devices [11] have been developed 
based on piezoelectric semiconductors materials, such as ZnO, GaN and monolayer MoS2 
[12]. Recently, piezotronic effect on quantum materi ls has been studied theoretically, and 
piezo topological insulator devices have ultrahigh ON/OFF ratio and low power consumption 
[13-15]. 
Transition-metal dichalcogenides (TMDs) have been paid much attention in both 
fundamental physics and practical devices applications [16, 17]. The quantum spin Hall effect 
is found in WSe2 [17]. Quantum wells based on two-dimensional (2D) layer-structured TMDs 
have unique optical features of intersubband transitio  [18]. The symmetry and strong 
spin-orbit coupling of TMDs can obtain spin and valley polarization [19, 20]. Valley is a local 
extremum point of the Bloch. For example, valley is a local maximum in the valence band, or 
local minimum in the conduction, and can be used to esign new quantum devices as an 
internal quantum degree of freedom due to breaking center inversion symmetry [20], such as  
reversible valley NAND gate, valley filter and valley valve [21, 22]. Spin and valley quantum 
devices are good candidates for quantum information pr cess and storage [23], for example, a 
valley sensitively response to different polarization of light due to the strong valley-light 
coupling [24].  
Single quantum state of spin or valley need ultra-high electric field in 2D materials 
[25-28], which is a great challenge [26]. Gate voltage provides an electric field intensity of 
100 kV/cm [29, 30]. It is very difficult to further increase the electric field. Using MoS2 
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transistor with gate length of 1 nm, electric field can reach up to 1 MV/cm [31]. There are 
ultra-high electric field in piezoelectric semiconductor quantum wells, which can reach over 
10 MV/cm [29, 32]. Ultra-high electric field will offer unique modulation for quantum 
devices, which is important for quantum piezotronics.  
In this paper, a piezotronic normal-ferromagnetic-normal monolayer MoS2 is studied 
theoretically. The ferromagnetic material in the middle structure can magnetize MoS2 and 
bring in an exchange field under the magnetic field [33]. Transport characteristics of spin and 
valley is controlled by strain, which is superior t the gate voltage control mode [34]. This 
work paved a new way to the control of the spin and valley by piezotronic effect.  
 
2. Theoretical Model of Piezotronic Effect on Quantum Transport 
Take monolayer MoS2 piezotronic transistor as an example, we use 
normal-ferromagnetic-normal MoS2 junction. The ferromagnetic region with the exchange 
field connects to the two normal MoS2 regions in the monolayer MoS2 transistor, as shown in 
Figure 1(a). The ratio of piezoelectric coefficient to relative permittivity of MoS2 is ~ 18 
pC/m, higher than MoSe2, WS2 and WSe2 (16, 15 and 12 pC/m). MoS2 has been successfully 
synthesized to integrate into ferromagnetic materials [35]. The model can be used for other 
two-dimensional materials, such as MoSe2, WS2 and WSe2. Spin- and valley-dependent 
quantum transport properties can be obtained from the Schrödinger equation 
H Eψ ψ=                                (1) 
where H  donates a Hamiltonian, ψ  stands for wave function and E  is eigenvalue. The 
main transport properties including the transmission conductance and electronic density 
distribution can be obtained by solving the Schrödinger equation under special boundary 
condition. 
Spin and valley polarization can be obtained in a normal-ferromagnetic-normal junction 
based on 2D materials applying a high intensity magnetic field [36]. The model can be 
described by the Hamiltonian [20, 34, 37]   
( )z ( )x x y y z z z z z z zH v k k s s s h Uτ σ σ σ λτ σ λτ= + + ∆ + − + − +h         (2) 
where zτ =±1 donates the valleys index (1 for K valley and -1 for K'  valley), zs =±1 
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represents the electron spin up and spin down. σ  is the Pauli matrices. xk  and yk  are the 
wave vector momentum. ∆  is the energy gap. λ  is the spin splitting energy of the valence 
band and v is the Fermi velocity. h  is the exchange field existing in the ferromagnetic 
region and U  is the externally applied electric potential.  
While a uniform strain is applied on MoS2, strain-induced piezoelectric charges at the 
two boundaries generate piezoelectric field, which can be considered approximately as an 
one-dimensional field [38]. The direction of monolayer MoS2 is shown in Figure 1(a) where 
armchair direction is electronic transport from source to drain. The strain is applied along 
armchair direction, and piezoelectric charges are induced at the zigzag interfaces due to 
nonzero piezoelectric coefficient e11. The piezoelectric charges has been reported in MoS2 
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where 11e  is the piezoelectric constant, 11s  is the applied strain, rε  is relative dielectric 
constant, 0ε  is vacuum permittivity, x is the distance away from the boundary and d is the 
width of the ferromagnetic region. In order to ensure that the electric potential is equal at 
different regional interfaces and the logarithmic function is meaningful, we set the 
corresponding parameters, which are represented by constants 1U  and 2U , respectively.  
The piezoelectric field and piezopotential inside th heterojunction is shown in Figure 1(b) 
under an external strain -1%. Due to large piezoelectricity for monolayer MoS2, piezoelectric 
charges are generated at two interfaces between normal and ferromagnetic region. The 
positive and negative piezoelectric charges can be served as an electric dipole, and its electric 
field distribution is shown in Figure 1(b). For this piezoelectric dipole, piezoelectric field is 
very strong with order of MV/cm near piezoelectric charges (or interfaces) but becomes weak 
away from the charges (or interfaces). It should be not d that direction of piezoelectric field is 
5 
 
positive in ferromagnetic region but negative in two normal regions, which is a typical feature 
of electric dipole. The localization of piezoelectri  field induces an antisymmetric distribution 
of piezoelectric potential that can effectively contr l spin and valley transport. 
In the normal-ferromagnetic-normal structure, the wave function is divided into three 
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mk  and 'mk  are the wave vectors in the left lead and right lead respectively. mk ’  represents 
wave vectors in a given subband 'm  in the left lead, ''mk  is the same in the right lead. ma
and mb  donate the coefficients of the scattering matrix while χ  stands for the expanded 
coefficients. We can calculate the coefficients in each strip by using scattering matrix theory. 
Therefore, the density distribution of the electron 2( , )x yΨ  and the total conductance can be 






G G tττ = ∑                              (5) 
where smnt
τ
 is the valley (τ ) and spin (s) dependent scattering coefficient from the m-th 
incoming mode to the n-th outcoming mode. 20G e h=  is the conductance unit. 
We then obtain valley- and spin-dependent conductance by using 
( ) 2G G G↑ ↓= +K K K , ( )' 2G G G= +s Ks K s . The capability of valley and spin filtering can 
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Valley magnetoelectricity effect, the phenomenon of inducing a valley-dependent 
magnetization by piezoelectric field, has recently been observed in monolayer MoS2 when a 
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current flows in a piezoelectric field. According to the theoretical analysis [42], the current 
perpendicular to strain-induced piezoelectric field can produce an out-of-plane magnetization, 
following the relationship V pz~ ×M E J  with net valley magnetization VM , piezoelectric 
field pzE  and current J . Piezoelectric field is parallel to source-drain current, as shown in 
Figure 1. Therefore, valley magnetization is neglected in this study. 
3. Results and Discussion  
To compute the transport properties, we use the quantum transport package KWANT 
which is based on the wave function method. This approach is mathematically equivalent to 
the commonly used nonequilibrium Green's function [43]. Owing to size effect, electronic 
transport properties depend on the strip length and width [44, 45]. According to typical 
normal-ferromagnetic-normal structure [46], we assume that the strip width is 40 nm and the 
length is 140 nm while the width of the ferromagnetic region is 20 nm. In this size, the 
piezoelectric potential is same order of magnitude with the energy intervals between subbands. 
The Fermi velocity v= 5.3 × 105 m∙s-1, the spin splitting λ =37.5 meV and band gap ∆ =833 
meV [34, 37].  
The strain distribution is uniform and strain-induced piezoelectric potential is 
symmetrical. The elastic modulus of middle layer of ferromagnetic material is ~ 200 GPa 
( EuO and EuS), and polyethylene terephthalate (PET) is < 100 MPa. [47, 48]. When 
substrate is bent with a small strain, the piezoelectric charges are located at interface between 
normal and ferromagnetic monolayer MoS2. 
In this paper, we study spin and valley conductance with various strain by quantum 
transport calculation. Figure 2(a) shows optimized Fermi level of -0.98 eV, which indicate 
spin polarization. In experimental, Fermi level is accurately controlled by means of material 
doping or substrate gate voltage [49, 50]. Figure 2 shows the results for valley and spin 
conductance as a function of strain under Fermi level of -0.98eV. The blue curves donate the 
spin up conductance while the red curves represent th  spin down conductance. The solid 
curves are the K  valley conductance and the dashed lines correspond t  K ′ valley 
conductance. As strain varies from -1.0% to 1.0%, there are three regions of conductance 
distribution. In the left region A, strain ranges from -1.0% to -0.3%. It shows the electrons in 
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K  valley has high conductance but near zero conductance in K ′ valley. In this case, both spin 
up and spin down electrons in K  valley can be effectively selected by external strain. The 
electrons in K ′ valley are filtered out. In this way, the charge current is fully valley polarized 
in the left region. In the middle region B, the total conductance of K valley (solid line) is 
greater than K ′ valley (dashed line) with various strain from -0.3% to 0.6%. It is obviously 
that the flowing current is mainly contributed from K  valley electrons. In this way, the middle 
region shows the incomplete valley polarization, which is result from the imbalance of the 
conductance contribution from K and K′valley. In the right region C, a fully spin-polarized 
conductance is obtained while strain increases from0.6% to 1.0%. The spin degeneracy of the 
conduction band edges can be eliminated by the exchange field. It is observed that spin-down 
electrons (red line) have nonzero conductance, exhibiting a good selectivity of spin electrons 
by external strain. The exchange field in F region have been studied in graphene, silicene and 
TMDs [36, 51]. Spin splitting can be induced by using the magnetic insulator EuO deposited 
on graphene [33]. Although previous works presents the valley filtering in graphene structures 
by strain control [27, 28], it is difficult to obtain valley and spin at the same time. In addition, 
previous works also need large magnetic field [52]. It maybe not suitable for low power 
consumption and miniaturization of the devices. The selectivity of spin and valley in their 
transport is the result of strong electric field produced by piezoelectric charges at the interface, 
which is piezotronic effect on quantum materials.  
Figure 2(b) show the case of EF = -0.9 eV, which is nonzero conductance for the K'  
valley and down spin electron. Figure 2(c) show the case of EF = -1.0 eV, which is up spin 
polarization (blue solid and dashed) for strain from -1.0% to -0.25%. This polarization is 
mixed by K  and K'  valley conductance. For EF = -1.1 eV case in Figure 3(d), there are two 
polarization regions where one is K' valley, up spin polarization at strain <-0.25%, and down 
spin polarization at strain > 0.75%. 
Figure 3 displays the density distribution of spin up electrons in K  valley. Strain is fixed 
at -0.2% and thus a steady potential distribution is produced. Different quantum states appear 
in the system. At Fermi energy of -1.19 eV, the electrons mainly reside in the middle of the 
ferromagnetic region while two normal MoS2 regions have little electrons, as shown in Figure 
3(a). This highly localized distribution of the electrons is due to the piezoelectric potential. 
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The potential well is in the ferromagnetic region, a d potential barrier is in the two sides. 
When the electronic energy is higher than potential wel  and lower than barrier, the electronic 
wave function will oscillate at the well and damp rapidly at the barrier. The properties can 
also be found in GaAs and GaN quantum well [53]. As the Fermi level decreases to -1.20 eV, 
electronic channels in the left region is open. Some electrons are blocked before entering the 
left ferromagnetic region owing to the high piezoelectric potential barrier generated from the 
left ferromagnetic boundary. Owning to the quantum size effect, there are distinct transport 
modes and many quantum states, as shown in Figure 3(b) and 3(c). The electrons can be 
completely blocked by the piezoelectric potential brrier of the left ferromagnetic region in 
Figure 3(b). The electrons can also partially travel th  barrier for some special channels by 
quantum tunneling effect, as shown in Figure 3(c). Figure 3(d) shows the decrease of 
electrons in the ferromagnetic region at Fermi energy of -1.21 eV. Although we take spin up 
electrons in K  valley as an example, other spin and valley electrons show similar transport in 
this device.  
Figure 3(e) is band dispersion with strip width of 10 and 40 nm. Figure 3(f) is the enlarged 
band dispersion. For improving controllability, energy interval between two subbands can be 
changed by device size. While the width of MoS2 increase from 10 to 40 nm, energy interval 
between two subbands decrease from ~ 0.1 eV to ~ 0.01, as shown in Figure 3(f). 
Although Figure 3(b) and 3(c) have a same EF = -1.20 eV, the different transport 
channels will induce various transport behaviors. When electronic momentum Kx is small, the 
electrons will oscillate along y direction. In Figure 3(b), oscillation is strong and the electrons 
will exhibit coupling [44, 45]. 
Figure 4 gives a full insight of piezotronic effect on the transport properties. The strain 
varies from -1.0% to 1.0% and Fermi level is set from -1.4 eV to -0.7 eV. The distribution of 
conductivity regions is corresponding to different valleys and spins. In K  valley, spin up 
electrons exist a relatively high conductance, while Fermi level is fixed from -1.2 eV to -0.95 
eV and strain is set from -1.0% to 0.5%, as shown in Figure 4(a), alternatively, spin down 
electrons exist a relatively high conductance when F rmi level is fixed from -1.4eV to -0.9eV 
and strain is set from -0.75% to 1.0%, as shown in Figure 4(b). In K ′ valley case, the conduct 
region of spin up electrons is concentrated on the bottom left of parameter plane when Fermi 
9 
 
energy is from -1.35 eV to -1.1 eV and strain is from -1.0% to 0.5%, as shown in Figure 4(c). 
Figure 4(d) shows the nonzero conductance region of spin down electrons at the upper right, 
while the Fermi energy is from -1.05 eV to -0.78 eV and the strain is applied from -0.75% to 
1.0%. The spin and valley distribution give a clear guidance of the quantum state selection by 
piezotronic effect. 
Figure 5 shows spin-polarized ratio Ps and valley-polarized ratio Pv, which are an 
effective parameter to describe the performance of filtering behavior for spin and valley 
transport properties. For spin-polarized case, there are two regions with highly polarized ratio, 
as shown in Figure 5(a). The blue region in the lower left corner shows a distinct spin-up 
selection while the red region in the upper right corner presents a clear spin down selection. 
The absolute value of spin-polarization ratio is close to 1, demonstrating the excellent 
selective behavior by externally applied strain. Strain can also effectively modulate valley 
polarization. For valley-polarized case, two separated regions of K ′ valley polarization and 
one region for K  valley polarization is shown in Figure 5(b). The results reveal the potential 
of the proposed region for application in spin- and valley-based electronics.  
Piezotronic MoS2 transistors can server as block units of spin and valley filters. Figure 
6(a) displays the experimental realization of the proposed spin and valley transistors. 
Monolayer MoS2 is placed on a polyethylene terephthalate flexible substrate underneath 
which a thin electrode material Si is imposed for accurately tuning Fermi level. Ferromagnetic 
material EuO is placed on the middle of MoS2 to induce exchange field, and source-drain 
electrodes are welded for providing transport voltage Vds. By bending flexible substrate, strain can 
be applied to MoS2 for modulating spin and valley transport. 
When the current passes through the channel, spin and v lley are regulated by the 
strain-induced piezoelectric field. Figure 6(b) shows the spin-polarized characteristics while 
the Fermi level in the spin up energy bands. The conduction current comes mainly from the 
contribution of the spin up state. Valley polarization selection is shown in the Figure 6(c). 
While the Fermi level is between the spin-up and spin down energy bands, spin selectivity by 
strain disappear, as shown in Figure 6(d). Similarly, the selectivity of the strain to the valley 
also disappears, as shown in Figure 6(e). Figure 6(f) and Figure 6(g) show the cases at the 
Fermi level in spin down band and K’ valley band, respectively. Corresponding to Figure 6(b) 
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and 6(c), there are the spin-down and K’ valley polarization states.  
 
4. Summary 
In this study, piezotronic effect on electronic spin and valley transport properties have 
been studied by using a normal-ferromagnetic-normal onolayer MoS2 transistor. The 
transport characteristics are significantly affected by the strain-induced strong piezoelectric 
field. Spin and valley polarization can be induced by strain. Spin and valley filters have novel 
selectivity of piezotronic spin and valley transistor , which have potential application in 
quantum information. This study provides a promising platform to develop novel quantum 
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Figure 1.  (a) Schematic illustration of normal/ferromagnetic/normal monolayer MoS2 
junction device. The current direction is along armchair direction of MoS2. (b) Piezoelectric 
field and potential distribution under the strain 11 1%s = − . Strain distribution is uniform in 
two normal regions and zero in ferromagnetic region. Positive and negative interfacial 
piezoelectric charges form an electric dipole, and its field direction is also displayed.  
 
Figure 2.  Spin- and valley-dependent conductance against strain under the Fermi level of (a) 
-0.98 eV, (b) -0.90 eV, (c) -1.0 eV and (d) -1.1 eV. Only the conductance at EF = -0.98 eV 
shows good polarization labelled as region A (spin up) and C (spin down). Region B is mixed 
by spin and valley conductance. 
 
Figure 3.  Density distribution of the up-spin electron in K  valley at the Fermi level of (a) 
-1.19 eV, (b) -1.20 eV, (c) -1.20 eV, and (d) -1.21 eV. (e) The enlarged valence band 
dispersion of up-spin, K -valley electrons under the strip width of 10 nm (left) and 40 nm 
(right). (f) The enlarged band dispersion. Fermi leve s at -1.19, -1.20 and -1.21 eV are 
displayed by different color dashed. 
 
 
Figure 4.  The distribution of planar conductance as a functio  of Fermi energy and strain. 
The left column (a, c) is for spin-up electrons, the right column (b, d) donates the spin-down 
electrons while the first row represents the K  valley and the second row refers to the K ′ 
valley. 
 
Figure 5.  Contour plots of (a) spin polarized conductance Gs and (b) valley polarized 




Figure 6.  (a) Device diagram of spin-valley transistors. (b)-(g) Schematic diagram of strain 
and Fermi level regulating electron transport. The column on the left (b d, f) shows the 
process of the selection of spin polarization influenced by Fermi energy and strain. The right 
column (c, e, g) shows the screening procedure of the valley result from the changing of 
Fermi level and strain. Here the orange solid ball represents spin up while the blue solid one 
donates spin down. As for the hollow circle, the blue eft arrow refers to K  valley while the 
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1. Piezotronic effect is used to modulate quantum transport in a 
normal-ferromagnetic-normal single-layered MoS2 transistor. 
2. Strain-induced piezoelectric field can induce fully spin and valley polarization.  
3. Piezotronic effect offer an effective way to design spin and valley filters for quantum 
information and storage. 
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